The grid-generated turbulence in wind tunnel is commonly applied in aerodynamic performance experiments of various industrial structures. However, the characteristics and application conditions of the grid-generated turbulence in the wind tunnel are often affected by the grid shape and the test position, respectively. Therefore, in order to clarify the influence of the grid shape and the test position on the grid-generated turbulence in wind tunnel, a computational fluid dynamics (CFD) numerical study on the turbulence generated by two different grids was presented herein, with the wind tunnel experimental validation. Firstly, time histories of the wind speed at 19 monitoring points behind the grid in wind tunnel were collected. Secondly, the entire turbulent field generated by two different grids was simulated using CFD. Then, the characteristics of the turbulence generated by the grids in wind tunnel were investigated. Finally, the accuracy of the CFD simulations compared with the wind tunnel test was studied. Results show that the grid blockage and the interference effect lead to a significant increase of 200% in the turbulence intensity near the grid. Moreover, the grid-generated turbulence conforms to the isotropic assumption only after a specific distance of 2.0-4.0 m from the grid. In addition, CFD errors are generally within 15%-20% of the corresponding measurements in the wind tunnel. This study provides guidance for selecting the installation location of the structure model in a wind tunnel.
Introduction
The grid-generated turbulence in a wind tunnel (also known as passive grid-generated turbulence) is achieved by installing a grid net at the cross section of the wind tunnel to disturb and disrupt the wind. This phenomenon causes vortex shedding, separations, and reattachments, which are essential characteristics of turbulence [1] [2] . In terms of a bridge wind resistance test, the grid net is commonly used to generate and simulate the turbulent flow in wind tunnel given the advantages, such as low cost, convenient installation, and reuse [3] [4] [5] [6] . The turbulent intensity of the wind flow when the wind blows toward a bridge can be considered the same at the entire depth of the bridge girder because of the small windward side of the structure. Therefore, the flow turbulent intensity near the entire bridge girder can be a constant value, thus ignoring changes in the vertical wind profile. Moreover, the grid-generated turbulence field must be uniform in this type of bridge wind resistance test [7] . Fluctuations of wind parameters, such as the mean speed, turbulence intensity, turbulence integral scale, and pulsating wind power spectrum in the location of the girder section model, should be sufficiently minimal.
The effect of grid parameters on the characteristics of grid-generated turbulence is studied extensively based on this background [8] [9] [10] [11] . However, the relationship between the grid parameters and the turbulent flow characteristics still presents distortion deviation in the actual wind resistance test. Therefore, accurately quantifying the installation location of the test model during the wind tunnel test and determining the relationship between the grid parameters and the turbulent field characteristics of the grid must be resolved urgently. According to computational fluid mechanics theory-the basic principle of continuity equations-the details of the grid itself, such as the grid shape and size, can never be ignored. These components can significantly change the flow distribution and control the flow separation process regardless of their small size, relative to the overall size of the wind tunnel. Therefore, the relationship between the geometrical parameters of a grid and the characteristics of grid-generated turbulence under the present circumstances remains uncertain in the study of wind resistance of actual engineering. Extensive research on this issue requires being conducted to ensure the accuracy and reliability of wind tunnel tests given the development of fine wind resistance designs for long-span bridges.
The present study examines the characteristics of the grid-generated turbulent field for the long-span bridge according to the above analysis through a wind tunnel test. Subsequently, the nature and application conditions of the grid-generated turbulent field in the wind tunnel are discussed thoroughly. This study can provide guidance for selecting the installation location of the structure model in a wind tunnel. 
State of the art
Considerable studies have been conducted on the characteristics of the grid-generated turbulence in wind tunnel. Wind tunnel test and numerical computation fluid dynamics (CFD) are currently the two main research approaches in wind engineering. Isaza [12] found that the disturbance was non-uniform in the vicinity of the grid. The grid-generated turbulence was caused by the interference of grid bars to the incoming flow, and the bars of the grid were arranged discretely. Valente [13] and Hisanori [14] discovered that the lateral diffusion and mixing of the vortex gradually improved the uniformity of turbulence with the increase in the distance from the grid. However, neither researcher provided a quantitative analysis on the results of the experiments. Krogstad [15] designed conventional and multi-scale grids to produce turbulence in wind tunnel.
Results showed that the distance from the grid was one of the important influencing factors with regard to the turbulent characteristics. However, these test results were not compared with numerical simulations. Laizet [16] simulated the acoustic turbulence generated by fractal and regular grids. The sound levels were significantly reduced in the particular fractal grid than in the regular grid, and a well-defined peak was achieved in the case of the particular fractal grid. However, this literature highlighted the urgency of studying the effects of other different grids on turbulence (certain grids with added fractal iterations, several grids without perfect fractal iterative structure, and other grids with different shapes of the main pattern). Chu [17] experimentally studied the mutual relationship between the approaching flow disturbed by the grid and the power production of a horizontal axis wind turbine in a wind tunnel. The findings showed that power productions were slightly higher in the grid-generated turbulence than in the smooth flow. However, the distribution of longitudinal turbulence field characteristics was not investigated considering the limited number of test points. Ahmadi-Baloutaki [18] found the turbulence downstream generated by the current grid to be quasi-isotropic in the wind tunnel and obtained the actual features of the problem but with the information unspecified in the entire turbulent field. Sponfeldner [19] used four space-filling fractal square grids and one regular square mesh grid to form high turbulence intensities for premixed V-shaped flames. The flames have larger turbulent burning velocity in the turbulence of fractal grid than in regular gridgenerated turbulence. However, the study disregarded the extent of the impact. Verbeek [20] used several fractal grids to explore the effect of the fractal grid-generated turbulence on the turbulent flame speed for premixed flames. The results quantified the relationship between the grid parameters and the turbulence downstream of different grids. However, the accuracy of the hot-wire sensor used in the test is insufficiently high. Torrano [21] presented experimental and numerical studies of the statistical properties of turbulent flows at moderate Reynolds number in the context of grid-generated turbulence, but the simulation error was not analyzed. Suzuki [22] proposed a validation scheme for the effect of wind tunnel blockage on a decaying gridgenerated turbulence. However, the effect of the grid parameters on the turbulent field was ignored. Melina [23] , Ahmadi-Baloutaki [24] , and Wang [25] applied the gridgenerated turbulence directly, without studying the turbulence characteristics.
The above studies aimed to obtain a turbulence field by using a grid, that is, to study other dynamic problems in the turbulent flow field. Most of the researchers assumed that the turbulent flow field generated by the grid is isotropic. However, a few studies introduced the nature and application conditions of the grid-generated turbulent field itself in detail, especially the studies that reveal the location in the wind tunnel for installing the corresponding experimental model after obtaining the turbulent flow field by the grid; thus, the test conditions that satisfy the above basic assumptions are sparse. In the present study, the turbulent field generated by two grids is investigated by combining the wind tunnel test and CFD. The experimental results are verified through the CFD numerical simulation. The characteristics of the grid-generated turbulence are discussed based on the two aspects of the longitudinal wind speed-time history and turbulence integral scale. This study provides the basis for directly applying grid-generated turbulence to other hydrodynamic experiments in the wind tunnel.
The remainder of this study is organized as follows. Section 3 introduces the research methods, including wind tunnel test setup and equipment, CFD calculating domain, finite element meshing, and relevant parameter settings. In Section 4, the results of the wind tunnel test and CFD simulation are presented and discussed. Furthermore, comparison and verification of the results are also presented. Finally, Section 5 concludes the study and provides certain suggestions.
Methodology

Wind tunnel setup
The wind tunnel test setup includes several aspects, namely, the wind tunnel laboratory, grids used in the test, sensors, and test monitoring point, which are illustrated in subsequent discussions.
Laboratory and grid
The experiment was performed in the second test section of the industrial wind tunnel (XNJD-1), which is a closed circular tunnel with double test sections, in Southwest Jiaotong University, Chengdu, China. The minimum and the maximum wind speeds produced in this wind tunnel are 0.5 and 45 m/s, respectively. Wind speeds of 10 and 12 m/s were adopted in the test. The two grids, namely, grid1 and grid2 (G1 and G2, respectively), adopted in the experiment are displayed in Fig.  2 . These grids have the same overall size of 2.25 and 1.95 m in width and height, correspondingly. Two sheets of angle steel (leg length = 5 cm, thickness = 0.6 cm) on the two sidewalls of the wind tunnel were used to fix the grid. G1 is made of thin wooden plates with two stiffened steel and has square holes of 33 cm × 33 cm. The width and thickness of the wooden plates are 7 and 1.5 cm, respectively. G2 is completely made of wooden bars with width and height of 2.5 and 3.5 cm, respectively. The size of the square holes is 21.5 cm × 21.5 cm. The blockage ratio ( i BR ) is defined to illustrate the difference between G1 and G2, as expressed in Eq. (1). The origin of the coordinates was defined and located in the middle of the grid bottom bar to facilitate the subsequent description; the longitudinal direction is parallel to the x axis, vertical to the z axis, and horizontal to the y axis ( Fig. 1b and Fig. 2 ).
Sensors
Two types of wind speed acquisition sensors, namely, hotwire anemometry (Fig. 3a) and turbulent flow instrumentation (TFI) Series 100 Cobra Probe (Fig. 3b and Fig. c , Turbulent Flow Instrumentation Pty Ltd, Victoria, Australia), were used. The hot-wire anemometry was placed upstream and was 0.4 m from the sidewall and 0.2 m from the grid at the height of 0.9 m. This instrument was used to measure the mean wind speed, which was immediately displayed on the screen outside of the wind tunnel, through a small hole in the sidewall to show the upstream speed instantaneously. The TFI was a pressure probe placed in the selected downstream monitor points behind the grid, which can provide dynamic, three-component velocities and local static pressure measurements simultaneously. The mean wind speed in the same position measured by the two types of sensors should be verified before the experiment.
Monitor points
Two sets of tests, one each for G1 and G2, were conducted. Wind speed tests were performed at the cross section located at x = 4.2 m downstream (Fig. 4) . The coordinates of the monitored points (P01-P19) are displayed in Table 1 . Three components of the instantaneous velocity vector (downwind x , crosswind y , and vertical z , marked with u , w , and v , respectively) were measured. The values of mean velocity ( U , W , and V ) and mean turbulence intensity ( U I , W I , V I ) in the three main directions were calculated by using Eq. (2) to (5) [26] .
where n is the number of measurement data. 
CFD simulation
An accurate and reliable CFD numerical simulation must select the appropriate size of the calculation domain, the reasonable cell meshing, the appropriate setting of the boundary conditions, and the scientific settings of the solver; all of these parts are described in the following subsection.
Computational domain
The actual 2.4-m wide and 2.0-m high cross section in the wind tunnel was selected. The selecting principle of the longitudinal calculation length can be summarized as follows. Initially, the upstream flow transition from uniform to turbulent when the grid is achieved should be fully considered. Moreover, the downstream calculation length should satisfy the full development of the turbulent field. Finally, the downstream distance should meet the requirements for installing the structural models, such as buildings and bridges. Meanwhile, an excessive calculation domain should be avoided to prevent the reduction of computational efficiency. Therefore, the size of the computational domain was identified based on the trial comparison, as depicted in Fig. 5 . The parameter i B is the width of the grid ( 1 B = 36 mm for G1 and 2 B = 76 mm for G2). The length of the upstream turbulent flow before the grid was approximately 300 mm, whereas the value in the model was set at 400 mm. 
Meshing
Hexahedral and prismatic volumes are thoroughly used in CFD simulation to reduce the numerical discretization error and to use second-order discretization schemes without compromising convergence [27] . In reference to [28] , the shortest thickness in the model, with only 5 mm of angle steel leg, is still divided into 10 elements. The height of the first mesh layer near the wall, including the wind tunnel, wooden bar, steel plate, and angle steel, was set to 0.5 mm. A stretching ratio of 1.3 in the regions of the high gradient was adopted to limit the truncation error. A sensitivity steady-state analysis of the grid density was conducted with the inlet wind speed ( inlet U ) = 10 m/s, given that the number of the x direction edges is the variable parameter and the mean wind speed at the center line in the wind tunnel with coordinates of ( x , 0.0, 1.0) is the computational mesh convergence target. The maximum size of the computational mesh in x direction was set at 150, 100, and 66 mm (coarse, fine, and refine models, respectively, with a refining factor of approximately 1.5 in the three models). Finally, the target results of the fine and refine models near the grid were nearly the same for and better in both models than in the first model (Fig. 6) . In particular, the precision of the fine model with 100 mm was satisfactory. The fine model was finally selected for the analysis of the symmetric geometry to fully use the computer resources and to improve the computational efficiency. The analysis models comprised 3,446,706 computational control volumes for G1 and 9,449,297 for G2. The computational mesh resolution was determined, considering an acceptable value of the dimensionless wall variables [29] ; the overwhelming majority of these variables were approximately 30 with a variation of 0.35-160. 
Boundary conditions and solver settings
ANSYS Fluent 15.0 was used for this analysis. Threedimensional large eddy simulation (3D LES) was performed, and the Navier-Stokes [30] and the continuity equations were solved. The finite volume technique and the semiimplicit method for pressure-linked equation velocitypressure coupling algorithm (SIMPLEC) with the secondorder upwind discretization were used [27] . The 3D LES through a trial comparison among different turbulent models was found to be the best method applicable for the blunt structure. The sidewalls, floor, and roof of the wind tunnel and the surfaces of the grid were modeled with no-slip wall conditions. Symmetrical models (up, down, left, and right) were used given the actual geometric characteristics of the two grids, thereby ignoring certain unimportant features to save computational resources. The boundary conditions are illustrated in Fig. 7 , and the parameter settings are summarized in Table 2 , according to the successful simulations in [26, 31, 32] . The termination threshold of the iterative convergence criteria was strictly set at . In the calculation process, the flow features were inherently transient and unsteady. Oscillatory convergence occurred when the numerical diffusion was limited, indicating that the element density was sufficiently high and the numerical diffusion was extremely low for non-linear effects to influence the convergence process [27] . 
Result Analysis and Discussion
Wind tunnel result
Nineteen monitored points for each grid were set up to measure the instantaneous wind speed-time history curves. Then, the results of 15 points for G1 and 17 points for G2 were effective. Abnormal data from several points were excluded for unidentified reasons (note content in Table 1 ). The result of P19 was selected for the representative exhibition. The sampling frequency ( f ) in the test was set at 256 Hz with the sampling time ( T ) of 120 s. However, obtaining data with the same frequency and duration of the wind tunnel test for the CFD simulation will require nearly 30 days. The processed results of f = 50 Hz and T = 10 s are presented to save computing resources and facilitate the subsequent verification; the error of which was considered minimal.
The time history curves of u , w , and v at P19 for G1 and G2 are presented in Fig. 8 . The inlet U was set at 12 m/s for G1 and 10 m/s for G2. Different inlet U settings could be realized because the two tests for G1 and G2 were conducted separately. The experimental results of the mean (Mea.) velocity and turbulence intensity ( I ) calculated by Eq. (2) to (5) in each monitor point behind G1 and G2 are displayed in Table 3 
CFD result
The numerical results showed an evident turbulent flow behind the grid. Fig. 9 qualitatively displays the distribution of the vortex core in the turbulent flow behind the grid at the computing time T = 10 s (the following calculation results use the same computing time without special instructions).
The numerical results in P19 were selected for presentation to perform the subsequent validation. The time history curves of the three instantaneous velocity components for G1 and G2 are displayed in Fig. 10 . inlet U was set at 12 and 10 m/s for the G1 and G2 turbulent flows, respectively. The time step size was set to 0.02 s ( f = 50 Hz). Moreover, the number of time steps was set at 500 ( T = 10 s). Each model completed the calculation time of 10 s at approximately 200 h. The instantaneous longitudinal non-dimensional velocity inlet u U distribution by selecting the transverse and the longitudinal profiles at the planes of x = 4.2 m and y = 0.3 m, respectively, is depicted in Fig. 11 and 12 , correspondingly. The numerical non-dimensional inlet u U results of the two models near the wall are zero. The grid was located at the plane of x = 0.0 m. Fig. 11 illustrates that the overwhelming majority of the numerical nondimensional inlet u U values on the transverse section downstream at a 4.2 m distance from the grid ranged from 0.9 to 1.1 for the G1 and G2 models, whereas the maximum values at certain local positions reach 1.25. Fig. 12 Fig. 15 depicts the relative error, given that the wind tunnel test values are real. In Fig. 15a , most of the numerical simulation errors of G1 are within 15% compared with the experimental data. From these data, the simulation error beyond 15% was obtained only at one point, with a value of 18%. Specifically, the numerical results at certain points, such as P11 and P13, are extremely close to those of the wind tunnel test. In Fig. 15b , most of the numerical simulation errors of G2 are within 20% compared with the wind tunnel test data. From these data, the simulation error beyond 20% was obtained at two points, with values of 21.0% and 22.5%. In summary, the CFD simulation and the wind tunnel test obtain the same trend of results, considering the absolute value of the turbulence intensity. In addition, the CFD simulation has a general error of 15%-20% compared with the wind tunnel test. 
Discussion
First, the turbulence characteristics are evident near the grid. The wind flow is only stabilized at a certain distance away from the grid. The wind flow suffers a blocking effect and repeatedly generates an alternate vortex separation and shedding when the grid is encountered. The results confirmed this theory (Fig. 13) . A similar conclusion was also supported [15] . Second, the three components of the mean turbulence intensity demonstrate different values ( U V W I I I > ≈ ) after stabilizing behind the grid. However, a significantly minimal difference was observed among these components. In the conventional view of engineering application, the wind field at these locations follows the isotropy and homogeneous assumption. In addition, Fig. 14 indicates that the mean turbulence intensity is greater in G1 than in G2. In Fig. 13 , the influencing distance of high (anisotropic) turbulence behind the grid is approximately 4 m in G1, whereas approximately 2 m in G2. Therefore, using the definition of the blockage ratio ( BR ) in Eq. (1), the mean turbulence intensity and anisotropic distance are minimal, and the wind turbulent characteristic is uniform when the BR is high. Finally, the CFD numerical simulation agrees well with the wind tunnel test when compared with the absolute value of the mean turbulence intensity. The CFD and wind tunnel test obtain the same trend of results. The difference between the CFD simulation and the wind tunnel test is approximately 15% and 20% for G1 and for G2, correspondingly. The factors leading to this difference may include wind tunnel test equipment error, operating personnel error, subtle (symmetrical and unsymmetrical) differences between the experimental and numerical models, and error in the numerical simulation solver settings. The validation results presented in this paper could be acceptable compared with the successful CFD applications [26, 31, 32] . 
Conclusions
The CFD studies and wind tunnel test validations in the two grid-generated turbulent fields were conducted to investigate their turbulence-related parameters, such as turbulence intensity and wind speed, to clarify the characteristics and application conditions of a grid-generated turbulence in wind tunnel for various aerodynamic vibration tests in industrial structures. The following conclusions were drawn:
(1) The turbulent characteristic near the grid is evident. The turbulence stabilizes only after a certain distance away from the grid. The unstable distances of G1 and G2 are approximately 4 and 2 m, respectively.
(2) The grid-generated turbulent field is consistent with the isotropic hypothesis after the unstable distance behind the grid. The mean turbulence intensity values for G1 are from 5.5% to 8.0% and a range of approximately 3.0%-4.5% for G2.
(3) The CFD simulation and the wind tunnel test obtain the same trend of results in terms of the absolute value of the mean turbulence intensity. Moreover, CFD has a general error of 15%-20% compared with the wind tunnel test, thereby indicating a good agreement between these approaches.
These findings confirm that the turbulent characteristics of the different positions in a grid-generated turbulent field do not constantly follow the isotropic assumption. Therefore, the fixed position of the testing model in the wind tunnel should be clear and accurate. However, the characteristics of a grid-generated turbulence could be affected by many factors, and the present findings are limited to specific types of grids, without different geometries. Additional influencing factors should be considered in future studies. Furthermore, wind tunnel tests and CFD simulations should be combined for a mutual and effective validation.
